Abstract: Environmental indices for soil P limit P applications when soil tests and risk of P losses exceed a given threshold. Producers' reluctance to reduce P inputs often stem from concerns regarding reduced crop production and soil fertility. Our objectives were to identify changes in soil P fractions after 4 yr of repeated manure or fertilizer P applications at rates ≤ crop removal by corn (Zea mays L.), and the impact of these applications on yields. Olsen P and soil P fractions extracted using a modified Hedley P fractionation procedure were measured. Corn yields were nonresponsive to P applications. After 4 yr, Olsen P was 16.6 and 24.6 mg kg −1 at the application rates of 0 and 33 kg P ha −1 yr −1 , respectively, for the inorganic fertilizer treatment indicating that soil P drawdown was occurring. Only the most labile forms of Pi (resin and bicarbonate extractable) were affected by treatment, with greater values at higher P application rates. Adherence to Ontario's P index recommendations for P applications at or below crop removal should not be a crop production concern. Furthermore, given the rate of soil labile P drawdown, routine soil testing (every 3-5 yr) would identify agronomically significant changes in soil test P before the crop yield is impacted.
Introduction
Animal manures have long been recognized as a valuable source of plant nutrients, although relative amounts of these nutrients can vary considerably depending upon handling systems, feed rations, and animal type. Despite this variability, livestock manures often exhibit N/P ratios that are smaller than the N/P uptake ratio of most crops (Ray and Knowlton 2015) . As a consequence, manure applications based on crop N requirements often apply P in excess of crop requirements, leading to soil P accumulation. Increased soil test P (STP) levels may indicate an increased risk of P loss through runoff and leaching, particularly when soil levels are near or exceed agronomic requirements (Wang et al. 2010 (Wang et al. , 2012 . Throughout many regions of the world, eutrophication is becoming a growing environmental concern, with agriculture identified as a major contributor of P to surface waters (Smith et al. 2007; Withers et al. 2014 ). Many of these same areas have adopted a P index approach to characterizing potential for P loss from agricultural lands based on site characteristics and management practices (Reid 2011) . Consequently, P index recommendations usually restrict P applications when risks of loss are deemed unacceptable.
Additions of manure or fertilizers to soil will increase the STP level if the additions are greater than crop removal (Zhang et al. 2004; Hao et al. 2008) , although the relationship between P applied and STP change is likely to vary with soil and the STP method (Kumaragamage et al. 2011) . Richards et al. (1995) , however, reported that for three Ontario soils of differing textures, there was a similar impact of P additions on Olsen P levels, with 16.4 kg P ha −1 required to increase Olsen P by 1 mg P kg −1 . For manure applications to soil, the rate of change in extractable soil P forms depends on the soil characteristics, availability of the P in the manure, rate of P application, and the number of applications. A cumulative effect of manure applications is often observed and has been suggested to reflect the saturation of P fixing sites in the soil (MnKeni and MacKenzie 1985) . Few studies, however, have examined the potential impact on crop production and changes in soil P forms and levels under conditions of reduced P inputs, as would occur if restrictions to P applications were suggested by a P index. Zhang et al. (2004) reported decreases in M3-P after 5 yr of continuous corn production with no fertilizer P inputs, but only in plots recently fertilized (previous 5 yr) to excessive M3-P levels (> 110 mg P kg −1 ). Management impacts on agronomic (e.g., Olsen and Mehlich-3) STP levels only provide measures of labile inorganic P (Pi) pools in the soil, inferring little about the other forms of soil P that may be more indicative of longer-term soil P fertility status and (or) potential for losses of soil P (Sims et al. 2002) . The Hedley sequential fractionation technique has been used by numerous researchers to assess the impact of management on soil Pi and organic (Po) pools of P with varying bioavailability (Qian and Schoenau 2000; Zheng et al. 2003; Zhang et al. 2004; Negassa and Leinweber 2009 ) and may identify changes in soil P lability not detected by traditional STP methods (Zhang et al. 2004 ). Recognizing and understanding the influence of fertility management practices on soil P forms and crop production is critical for developing environmentally sustainable and economical farming activities as encouraged by programs such as the Great Lakes Agricultural Stewardship Initiative. Field studies are needed to examine the potential impact on crop production and changes in soil P forms and levels under conditions of high P fertility and reduced P inputs, as would occur if restrictions to P applications were suggested by a P index. Therefore, the objectives of this study were to determine the influence of different P sources applied at or below crop removal rates on crop yields, STP levels, and soil P forms as characterized by the Hedley P fractionation.
Materials and Methods

Site description
The experiment was conducted near Ridgetown (UTM 17 T 426853.1 m easting and 4700361.2 m northing) in Kent County, Ontario. Based on a weather station located on the research farm, total precipitation was 926, 674, 939, and 766 mm, growing season precipitation (may to mid-October) was 415, 257, 475, and 325 mm, and crop heat units (CHU) were 3295, 3580, 3200, and 3378 in 2004, 2055, 2006, and 2007 , respectively. The 30-yr average annual precipitation is 969 mm, with 492 mm occurring during the growing season and 3340 CHU. The site was relatively flat (<1% slope) and dominated by a Brookston clay loam (Orthic Humic Gleysol) (Richards et al. 1949 ) containing 369 ± 30 g sand kg −1 , 311 ± 25 g silt kg −1 , and 320 ± g clay kg −1 . The site was previously planted in a corn (Zea mays L.) and soybean (Glycine max) rotation for at least 10 yr prior to 2003 with no manure applications in that time span. In 2003, corn was grown with no fertilizer P applications.
Experimental setup
The experiment was set out in a split-plot design with P source as the main plots and P rates as the subplots with four replicates. The sources of P included solid beef manure, liquid dairy manure, liquid swine manure, and triple super phosphate. Manures, collected from the Ridgetown campus farm, were broadcast by hand in the spring and incorporated by disking (approximately 10 cm depth) followed by one pass with a field cultivator within 1 wk following manure application. Subsamples (4-5 samples) of the manure were collected prior to and during application and analyzed for total N, total P (Pt), and total K using a sulfuric acid-hydrogen peroxide wet digestion (Thomas et al. 1967) . Manure analyses are presented in Table 1 . Broadcast P fertilizer was also applied by hand and incorporated by disking (0-10 cm). Four target P application rates were used: 0, 11, 22, and 33 kg P ha −1 with the highest application rate equaling the predicted crop removal by grain corn for the experimental area. Additional N (150 kg N ha −1 ) and KCl (60 kg K 2 O ha −1 ) fertilizers were added to the site to avoid N and K from limiting corn yields. Corn was planted early to mid-May each spring at a target density of 80 000 plants ha −1 . Main plots were 10 m by 12 m in size with 75 cm row spacing. Each main plot had 12 rows of corn and each subplot had 4 rows, with treatments randomly assigned the first year and repeated on the same plots in subsequent years.
Soil and plant sampling and analysis
Soil samples were collected in the spring of 2004 to estimate pre-application soil conditions, and samples were taken again in the fall 2007 after corn harvest. Prior to initiation of the treatments, a well-mixed composite sample of 40 soil cores (2.5 cm diameter, 0-15 cm depth) was collected from each replicate, air dried, and analyzed for organic carbon (OC) using a dry combustion method (Skjemstad and Baldock 2008) , CEC using the barium chloride method (Hendershot et al. 2008) , ammonium acetate extractable K and Mg (Bates and Richards 1993) , and texture using the pipette method (Kroetsch and Wang 2008) . For P analyses, 10-15 cores (2.5 cm diameter) were collected from the top 15 cm of each subplot, thoroughly mixed, air dried, passed through a 2 mm sieve, and stored at room temperature. Olsen P (Schoenau and O'Halloran 2008) was measured as it represents the recommended STP procedure for agronomic purposes in Ontario. Soil properties at the site were: soil pH 6.6 ± 0.15; CEC 22.6 ± 0.59 cmol kg −1 ; total C 26. 4 ± 1.2 g kg −1 ; and Olsen STP, exchangeable K, and Mg were 25 ± 1.6, 128 ± 36.0, and 162 ± 40.0 mg kg −1 , respectively. A subsample of each soil was ground to pass through a 60-mesh (250 μm) sieve for a modified Hedley fractionation (Tiessen and Moir 2008) . Briefly, 0.5 g of airdried soil (ground to 250 μm) was extracted sequentially using a series of stronger reagents, and Pi and Po were measured in each fraction. Soil P was first extracted with anion exchange resin strips (considered a labile form of Pi) followed by 0.5 mol L −1 NaHCO 3 (pH = 8.5) (considered to be a labile form of Pi and Po), 0.1 mol L
−1
NaOH (considered to be a moderately labile form of Pi and Po), and finally 1.0 mol L −1 HCl (considered to be a slowly available form of Pi). For each of these extractions, samples were shaken for 16 h, centrifuged for 10 min at 25 000g, and filtered through a 0.45 μm filter paper, and aliquots analyzed for Pt and Pi. The Po in each fraction was calculated as the difference between the Pt and Pi. The soil remaining after the HCl extraction was digested with concentrated H 2 SO 4 and H 2 O 2 for the determination of Residual P. The P in each extractant was measured using the colorimetric method of Murphy and Riley (1962) . The HCl-Pi and residual P fractions were summed to give an overall estimate of stable P. All fractions were summed to give an estimate of total soil P (TP). Grain samples were obtained by either hand harvesting (2004 and 2005) or by using a small-plot combine (2006 and 2007) . Hand harvesting consisted of hand picking cobs from a 5 m length in each of the center two rows, shelling the cobs, recording the total grain weight and drying a subsample for moisture determination and chemical analysis. Grain yield was calculated and expressed at 15.5% moisture content. For the combine harvests, plants were harvested from a 10-m section of the two center rows of each subplot, the shelled grain weight recorded, and a subsample collected for moisture and tissue nutrient analysis. Subsamples from each harvest were analyzed for P using a dry ash digestion (Miller 1998) . A P budget for each subplot was calculated by subtracting the amount of P removed in grain harvest from the amount of P applied in manure and (or) fertilizer.
Statistical methods
All statistical tests were computed using SAS 9.1 (SAS Institute 2003). Each soil P fraction and the stable fraction were tested individually. First, all the data were tested for normality and outliers removed using Lund's test of studentized residuals using a type 1 error rate of 0.05. An analysis of variance was conducted on the grain yield using proc mixed with replicate as a random effect and P source and rate as fixed effects. Grain yield was analyzed with year in the model statement and as a repeated measure. Treatment effects were P source, rate, and P source × rate. For the treatment effects that were significant, differences of the least squared means of main effect were evaluated using the PDIFF option and interactions using the SLICE option. A regression was conducted on the STP and soil P fractions using the proc mixed covariate test with pretreatment 2004 data in the model statement in order to account for site variation. The regression partitions included linear, quadratic, and lack of fit, and solutions were requested if required. For all statistical analyses, a probability value of 0.05 was used to determine significance.
Results and Discussion
Soil test P and grain yields
Based on OMAFRA recommendations for grain corn production, Olsen STP levels would indicate a low probability of crop response to applied P, with a P recommendation of 20 kg P 2 O 5 ha −1 (OMAFRA 2009 Grain yields were not significantly influenced by application rate, P source, or their interaction, which confirms the low probability of a crop response as predicted by the Olsen STP levels at this site. Although yields varied significantly with year (data not shown), the differences reflected growing season conditions and no treatment effects. The average corn grain yield was 8.9 Mg ha −1 and ranged from a low of 4.6 Mg ha −1 in 2005 a dry year when growing season precipitation was 257 mm (approximately 40% of normal for the region) to a high of 12.5 Mg ha −1 in 2006. Given the STP levels for the site were below the threshold values for the Ontario P index, the calculation provides further support to the unlikely event of yield reductions due to restricted P application rates.
Overall phosphorus budget and soil test phosphorus levels
Based on the P additions and removals over the 4 yr of this study, the P budget ranged from approximately −120 kg ha −1 for the 0 P fertilization treatments to nearly a balanced budget in the highest rate of inorganic P fertilization treatment (Table 2 ) with a significant rate (P < 0.001) and P source × rate interaction (P = 0.0011). The P concentration and total P removed in the grain, however, were not significantly affected by P source, rate, or P source × rate interaction (data not shown) with P concentrations ranging from 3.1 to 4.0 g kg −1 similar to the 3.1 g kg −1 reported by Ketterings and Czymmek (2007) as adequate for grain corn. Thus, the significant differences in P budgets were primarily due to the different rates of P applied and the variability of P content in the manures used. The STP levels in 2007 were influenced by P source and rate, with a significant P source × rate interaction. Application rates of P were relatively small, and treatments only in place for 4 yr, and thus, large changes in STP levels due to P applications or crop removal would not be expected (Fig. 1) . The only significant relationship between the STP and the P application rate observed was Note: Numbers followed by the same lowercase letters are not significantly different at P = 0.05. Fig. 1 . Soil test phosphorus levels after four annual P additions and crop removal of P (initial soil test P concentration was 25.0 ± 1.6 mg kg −1 , n = 4).
that for the inorganic fertilizer treatment, the relationship between the application rate and STP was positive and linear. All other P sources resulted in relatively similar STP levels that were lower than the initial starting value of 25 mg P kg −1 regardless of P application rate, indicating that manure P is contributing less to the labile soil P fraction identified by the Olsen STP than the inorganic fertilizer P. This finding supports the common observation that P availability of manure or manure compost is less than that of inorganic fertilizer P (Motavalli et al. 1989; Eghball et al. 2002) . Of interest is the possible rate of STP decline in terms of predicting when STP values decrease to a point of being of agronomic concern (i.e., when crop response to applied P would be expected). Based on data in Table 2 , after 4 yr of 0 P applications, the average P budget was −121.1 kg P ha −1 , whereas the average STP content decreased from 25 mg P kg −1 to 17.9 mg P kg −1 (Fig. 1 ). Dividing the P budget by the change in STP indicates that the removal of approximately 17 mg P kg −1 is required to decrease
Olsen STP by 1 mg P kg −1 . We did not find any published literature regarding the change of STP under conditions of soil P drawdown in Ontario; it is, however, interesting to note that a study did report a very similar factor of 16.4 kg ha −1 of added fertilizer P to increase the STP by 1 mg P kg −1 in several Ontario soils (Richards et al. 1995) .
Further studies would be required to verify if this similar factor exists across different soils and at different ranges of STP, especially considering the potential effect of season of sampling (spring 2004 versus fall 2007) on STP in our study. The fact that manure P applications did not appear to consistently impact STP values would suggest that P budgets alone, without consideration of source of P, would not appear particularly useful for predicting STP changes under the conditions of our study.
Soil inorganic and organic phosphorus
Although STP was for the most part unaffected by application rates (excluding the fertilizer P treatment), labile Pi forms (resin and Bicarb-Pi) determined by the modified Hedley fractionation were significantly affected by treatments (Table 3 ). The resin fraction increased with Note: Numbers followed by the same letters within the same column are not significantly different at P = 0.05. Pi, inorganic phosphorus; Po, organic phosphorus; TP, total soil phosphorus.
a For the simple effects of Bicarb-Pi, the LSD = 7.60. b Source of variation is significant if P ≤ 0.05.
the rate of P applied. The 22 and 33 kg P ha −1 rates were significantly greater than the 0 kg P ha −1 rate, indicating that the anion exchange resin detected a change in labile soil Pi that the Olsen STP did not. This potentially reflects forms of P estimated by the extractants or extraction times. Anion exchange resins typically measure isotopically exchangeable soil Pi (Amer et al. 1955 ), compared with the relative rapid extraction by sodium bicarbonate with the Olsen P method at pH 8.5, which may involve mineral P solubilization and P desorption (Hartikainen and Yli-Halla 1996) . Longer extraction times with the resin in the Hedley fractionation (16 h) versus the Olsen soil test (0.5 h) would also allow for a greater amount of the labile Pi pool to be extracted, and thus presumably a better estimated of changes in this pool.
There were significant rate and P source × rate interaction effects for Bicarb-Pi (Table 3) . Although Bicarb-Pi tended to increase with rate of P applied, only the dairy and inorganic fertilizer showed consistent increases in this fraction. This may be a reflection of the P forms in the manures, and (or) the inherent variability of manure and manure applications on soil properties. In general, Bicarb-Pi levels were lowest for 0 P treatments for all sources and were significantly different from either the 22 or 33 kg P ha −1 rates. Similar relationships between application rates and labile Pi pools have been reported by other researchers (O'Halloran 1993; O'Halloran and Sigrist 1993; Zheng et al. 2003; Kuo et al. 2005; Zheng and MacLeod 2005) . Ashjaei et al. (2010) observed a strong correlation between labile Pi forms and leachate Pi concentrations; however, in their study, higher manure application rates were used and correlations were only significant when the soil labile Pi fractions exceeded 40 mg kg −1 . Although lower labile Pi (Resin and Bicarb) measures in the soil with reduced P inputs may be indicative of a decreased risk of soluble soil P losses in leaching waters, given the STP levels in our study and the work by Wang et al. (2010 Wang et al. ( , 2012 , the impact on soil P loss would be very small. The relatively less labile NaOH-Pi fraction was not significantly influenced by P source, rate, or P source × rate interaction (Table 3 ). This likely reflects the low loading rate of applied P and (or) the relatively minor potential contribution of this pool to plant P nutrition in a moderately weathered soil with adequate labile Pi content to meet crop requirements (Guo et al. 2000) .
The Bicarb-Po and NaOH-Po fractions were not significantly influenced by P source, rate, or their interaction (Table 3) . In contrast to our findings, Qian and Schoenau (2000) observed a decrease in Bicarb-Po, and an increase in NaOH-Po with liquid swine manure applications to a loam soil in a 16-wk incubation study. They, however, used a one-time application rate considerably higher (40 mg P kg −1 soil or approximately 80 kg P ha −1 ) than those used in our study. Others have observed higher NaOH-Po concentrations in a silt loam soil receiving greater manure application rates for a longer time span than our study (Tran and N'dayegamiye 1995) . Richards et al. (1995) observed that a fertilizer P induced increase in Bicarb-Po and NaOH-Po in only one of three studied soils, a silt loam soil with the lowest initial STP of 6 mg L −1 , and attributed the increase to improved crop growth and thus a greater return of Po to the soil in crop residues. With no impact of treatment on crop production in the present study, the low applications rates of P (either Pi or Po), the starting STP content, and the relatively short timeframe of our study (4 yr), it is not surprising that Po fractions were not affected by our treatments.
Stable phosphorous fractions and total phosphorus
The stable fraction (HCl + Residual) and TP were not influenced by P source, application rate, or their interaction. In this soil, 72% of the soil P was recovered in the stable pool and the HCl-Pi fraction accounted for 43% of the TP (data not shown). Zhang et al. (2004) also found the HCl-Pi fraction to be the dominant pool of soil P on a similar calcareous soils. Under the conditions of soil P drawdown, the combination of study period, initial labile Pi content, and soil texture could explain a lack of treatment effects in the stable fraction. The conversion of manure or fertilizer P to stable forms is a slow process, and the presence of clays may buffer any conversion process (O'Halloran 1993; Zhang et al. 2004) .
Conclusions
Under conditions of -120 to 0 kg ha −1 P budget, only the STP levels in the inorganic P fertilizer treatment indicated a change with the P application rate. Labile Pi levels (Resin-Pi and (or) Bicarb-Pi) were affected in all treatments indicating the inability of the Olsen STP method to detect the changes in labile Pi that had occurred over the 4 yr period of this study in the treatments with manure. Whether the more detailed evaluation of labile Pi forms could better predict crop P requirements or reduced risk of P losses remains to be seen as corn grown at the study site was nonresponsive to P applications. No significant changes in soil Po or other Pi fractions were observed.
Concerns of reduced P application, as potentially recommended by Ontario's P index, negatively impacting crop yields would appear to be unfounded. The present study used a soil that had a lower STP (approximately 25 mg kg −1 ) level than the P index threshold value (30 mg kg −1 ) and displayed no response to added P even after 4 yr of no P application. Although higher testing soils may show a more rapid decrease in STP under conditions of P drawdown, they would also be expected to be less likely to respond to applied P and require a longer timeframe of no P application to reach an STP level where P additions are required for crop production. The present study would suggest that routine soil testing (every 3-5 yr) should be able to identify when the STP levels would potentially drop below the P index threshold, but not be low enough to significantly impact crop yields. It should be noted that whereas reductions in P applications did not impact yields, reductions in manure applications would pose other production concerns for producers. Restrictions on the rate of manure application would increase the land area required for manure nutrient utilization, and supplemental N (and possibly K) fertilizer may also be required to maintain crop yields.
